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of particles in the high-curvature, large-coupling pre-bounce phase. Thanks to the 
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which could prepare (and provide the initial conditions for) a subsequent phase of 
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1 Introduction 

The standard cosmological model, formulated and brought to completion by 
various authors during the second half of the last century (see for instance [1, 
2]), provides us with an excellent description of the various important stages of 
our past cosmological history (such as the radiation era, the nucleosynthesis, 
the recombination era, the epoch of matter domination, . . . ). At early enough 
times, however, such a model is to be modified by the introduction of a "non- 
standard" epoch of accelerated cosmic evolution, called "inflation", which 
is needed in order to solve the horizon, flatness and entropy problems [3] 
implied by the extrapolation, back in time, of the present state according to 
the standard cosmological equations. 

The introduction of a sufficiently long inflationary phase not only "ex- 
plains" the otherwise unnatural initial conditions required by the subsequent 
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"standard" evolution, but also provides a natural (and very efficient) mecha- 
nism for amplifying the quantum fluctuations of the fundamental cosmic fields 
in their ground state. This mechanism produces inhomogeneous "seeds" for 
structure formation and for the fluctuations of the temperature of the Cosmic 
Microwave Background (CMB) radiation (see e.g. [4]), in remarkable agree- 
ment with recent observations (see e.g. COBE [5] and WMAP [6] results). 

The most popular (and presently most successful) version of the inflation- 
ary scenario is probably the model of "slow-roll" inflation [7], in which the 
cosmological evolution is dominated by the potential energy of a cosmic scalar 
field (the so-called "inflaton" ) . The simplest and most conventional version of 
such model, however, is affected by various difficulties of conceptual nature. 
First of all, the peculiar properties of the inflaton (mass, couplings, potential 
energy, . . . ) prevent a simple identification of this field in the context of known 
models of fundamental interactions: the inflaton field has to be introduced ad 
hoc, and its properties are the result of a suitable fine-tuning of the relevant 
parameters. 

Another difficulty is associated with the kinematic properties of the phase 
of slow-roll inflation, implying that the spatial size of the Hubble horizon 
ci? _1 , proportional to the causal event horizon, becomes smaller and smaller 
as we go back in time (here c is the speed of light and H is the so-called 
Hubble parameter). It can be shown, in such a context, that the proper 
(time-dependent) wavelength of the fluctuations presently observed on a large 
scale (for instance, the temperature fluctuations of the CMB radiation) , when 
rescaled down at the beginning of inflation, has to be smaller than the Planck 
length, Ap = (SnGh/c 3 ) 1 / 2 ~ 10~ 33 cm, if inflation lasts long enough to solve 
the above mentioned problems (here G and h are the Newton and Planck 
constant, respectively). As a consequence, the initial conditions on the fluc- 
tuations of the matter fields and of the geometry are to be imposed inside 
an energy range which is presently unexplored, and in which the extrapo- 
lation of standard physics is - at least - questionable. This is the so-called 
"trans-Planckian" problem [8, 9]. 

In addition, if the Hubble horizon is decreasing as we go back in time, then 
its inverse, the spacetime curvature-scale H/c, is necessarily increasing, and 
the extrapolation of the model unavoidably leads to an initial singularity - 
or, at least, to the quantum gravity regime cH^ 1 ~ Ap where we have to deal 
not only with an unknown fluctuation dynamics, but also with an unknown 
dynamics of the background itself. A proof of the unavoidable presence of the 
singularity, in the context of potential-driven inflationary cosmology based on 
the Einstein equations, is given in [10, 11]. 

All these problems, as well as other important problems of primordial 
cosmology (why is our Universe four-dimensional? why does a small vacuum 
energy density seem to survive until today after inflation? . . . ), should find 
a satisfactory solution in the context of a truly unified theory of all funda- 
mental interactions. The best candidate for such theory, at present, is string 
theory, which is based on the assumption that the fundamental components 
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of all matter and force fields existing in nature are one-dimensional extended 
objects, called "strings" . These objects are characterized by their tension (i.e., 
energy per unit of length) T and, when quantized, have a characteristic size 

A s given by: 

A s = ^di/T. (f) 

As it will discussed in the following section, the consistency of string the- 
ory requires the existence of extra spatial dimensions besides the three ones 
we are familiar with. In such a context, two possibilities arise. In the most 
conventional unification scenario, in which the extra spatial dimensions are of 
size comparable to the string length scale [12], the parameter A s turns out to 
be extremely small, A s ~ 10 Ap. As a result, all effects pertaining to the finite- 
ness of the string size only come into play at energy scales M s c 2 = hc/X s , so 
high to be well outside the reach of present (direct) high-energy experiments. 
In such a case the predictive power of the theory is low, as what can be tested 
by accelerator experiments are only the predictions of the so-called low-energy 
string effective action. Unfortunately, at the present stage of our knowledge, 
such an action can only be derived within perturbative computational tech- 
niques, and its precise form is unknown. 

This discouraging conclusion can be avoided, at least in principle, if our 
Universe contains extra spatial dimensions compactificd on length scales which 
are small if compared to macroscopic standards, but are nevertheless "large" 
with respect to the parameter A s of string theory [13, 14]. In this case the 
energy scale M s c 2 may be lowered well below the Planck scale Mpc 2 — hc/Xp, 
even by many orders of magnitude, thus possibly approaching the energy range 
cxplorable by near future accelerator experiments. 

In any case, the energy scales typical of string theory (whether near to, 
or far from, the Planck scale) should have been reached during the primor- 
dial evolution of our Universe: string theory can then be properly applied to 
cosmology, to ask if (and how) inflation is naturally predicted, in such a con- 
text. The hope is to obtain, on one hand, a solution to the open problems 
of the conventional inflationary scenario and, on the other hand, a possible 
phenomenological signature of string theory, according to the historical tra- 
dition teaching us that fundamental gravitational theories have always been 
confirmed by astrophysical observations (as, for instance, Newton's and Ein- 
stein's theories of gravity). 

In this paper, after a short presentation of string theory in Sect. 2, and of 
the mechanism of brane- inflation in Sect. 3, we shall concentrate our discussion 
on the so-called "pre-big bang" scenario [15], based on the scale-factor duality 
symmetry [16] typical of string theory. It will be shown, in particular, that the 
Universe (thanks to a fundamental string-theory field, the dilaton) may start 
inflating from an initial configuration characterized by a very small curvature 
and a very large Hubble horizon, thus avoiding the singularity and trans- 
Planckian problems, and yet satisfying the properties required for a successful 
scenario. 
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2 String theory: a few basic concepts 

String theory is, at present, the only serious candidate for a fully quantum 
(as well as finite and unified) theory of gravity and of gauge interactions. It is 
therefore the natural framework for formulating and discussing gravitational 
problems in which quantum effects are expected to be non-negligible or, even 
worse, dominant, as in the case in which a spacetime singularity is approached. 
No surprise, therefore, that natural arenas for string theory are the physics 
of quantum black holes (in particular the end-point of their evaporation) and 
that of the cosmological (big bang) singularity. Before discussing the possible 
applications of string theory, however, it seems appropriate to explain why 
this theory includes gravity, in a natural and compelling way, unlike in the 
conventional models of gauge unification. 

2.1 Quantization and gravity 

We should recall, to this purpose, that an extended one-dimensional object like 
a string corresponds, dynamically, to a constrained system. For a complete and 
consistent description of the string motion we must satisfy, in fact, not only 
the Eulcr-Lagrangc equations, but also a set of dynamical constraints (at any 
point along the string trajectory), expressed by the vanishing of appropriate 
functionals. In addition, we have to impose the required boundary conditions, 
different for the case of open strings (with non-coincident ends) and closed 
strings (without free ends, like a loop). 

When the model is quantized, the coordinates and the momentum of the 
string arc promoted to operators satisfying the canonical commutation re- 
lations, and also the constraints are represented by operators (the so-called 
Virasoro operatos L m ). The Hilbert subspace containing the physical states of 
the system (after the elimination of all negative-norm states, called "ghosts") 
is then formed by (all and only) those states satisfying the constraints, that 
are annihilated by the application of the Virasoro operators L m appropriately 
ordered and regularized (see e.g. [17, 18]). Any string models contains an infi- 
nite discrete sequence of such operators L m , and the constraint of lowest order 
(Lo = 0) corresponds to the mass-shell condition p^p^ = M 2 c 2 determining 
the allowed energy levels of the string spectrum (here p^ is the square of 
the energy-momentum vector, and M the rest mass, of the string). 

A quantized bosonic string, on the other hand, corresponds to a system of 
infinite harmonic oscillators vibrating along the spatial directions orthogonal 
to the string itself. The various states of the discrete string spectrum can be 
obtained (as in the theory of the elementary quantum oscillator) by applying 
the appropriate number of creation operators (along different spatial direc- 
tions, in general) to the lowest energy level. As a consequence, the physical 
string states can be ordered as a tower of states of growing (discrete) mass and 
angular-momentum eigenvalues. And here we find the "miracle" connecting 
strings to gravitational interactions. 
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Looking at the subset of massless eigenstates, in fact, we find that the 
open string spectrum contains (even in the simplest case) a vector which 
is transverse (i.e., it has a vanishing divergence, d^A^ = 0), and which can be 
associated with an Abelian interaction of vector type, like the electromagnetic 
interaction. The closed string spectrum, instead, contains - besides a scalar 
(j>, the dilaton, and a second-rank antisymmetric tensor B^, - a symmetric 
tensor field h M „ which is transverse and traceless {d v h l _ iv = = h^^), and 
which has all the required physical properties of the graviton. Thus, unified 
models of fundamental interactions based on strings must necessarily include 
a tensor interaction of gravitational type. 

2.2 Supersymmetry 

But the virtues of string theory as basis for a unified model of all interactions 
are not limited to this result. We should recall, indeed, that the spectrum of 
the bosonic string that we have considered contains, even after the elimination 
of the ghost states, other states of "tachyonic" type (i.e., with M 2 < 0). 
To avoid such states (sources of instabilities in a quantum theory context) 
the model of bosonic string has to be "supersymmetrized" . The standard 
procedure is to associate to the coordinates X^, determining the position of 
the string in the external "target" space in which the string is embedded, 
the fermionic partners ip* 1 , transforming as two-component Majorana spinors 
on the (two-dimensional) world-sheet spanned by the string motion, and as 
Lorentz vectors (with index /i) in the target space manifold. This leads us to 
the so-called superstring models, which can be consistently formulated (from 
a quantum point of view) only in five different versions [17, 18]. 

This generalization of the string model not only eliminates tachyons from 
the physical spectrum - in a supersymmetric theory, the lowest allowed en- 
ergy level corresponds to M 2 = 0, and negative values are forbidden - but 
also automatically introduces in the model the spinor fields required to de- 
scribe the fundamental matter fields (quarks and leptons). In addition, if we 
consider a model with open and closed superstrings, or a model of heterotic 
superstrings (i.e., closed strings in which only right-moving modes are su- 
persymmetrized, while left- moving modes are not), we can directly include 
into the quantum spectrum also non- Abelian gauge fields, with gauge group 
£0(32) or E 8 x E 8 [17, 18]. These superstring models, when quantized in a 
flat space-time manifold, are only consistent for a critical number D = 10 of 
dimensions. Remarkably, when D — 4 = 6 spatial dimensions are appropri- 
ately compactificd, the above gauge groups could possibly contain a realistic 
(low-energy) standard-model phenomenology. 

2.3 Conformal invariance 

But the most impressive aspect of string theory, for a physicist used to work 
with the standard (classical or quantum) field theory, is probably the ability 
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of fixing in a complete and unique way the equations of motion of all fields 
(bosonic and fcrmionic, massless and massive) present in the spectrum. This 
means, in other words, that if we accept superstrings as realistic models of 
all existing fundamental interactions, these models not only tell us that in 
Nature must exist, for instance, gravitational fields, Abelian and non-Abelian 
gauge fields, but also give us the equations satisfied by these fields - and, to 
lowest order, these equations miraculously reduce to the Einstein equations 
for the gravitational field, and to the Maxwell and Yang-Mills equations for 
the gauge fields. 

This property of string theory probably represents the most revolutionary 
aspect with respect to theoretical models based on the notion of elementary 
particle: the motion of a point-like test body, even if quantized, does not im- 
pose in fact any restriction on the external fields in which the body is embed- 
ded and with which it interacts. Such background fields can satisfy arbitrarily 
prescribed equations of motion, usually chosen on the grounds of phenomeno- 
logical indications: we can think, for instance, to the Maxwell equations, em- 
pirically constructed from the laws of Gauss, Lenz, Faraday and Ampere. It 
would be possible, in principle, to formulate different sets of equations still 
preserving the Lorentz covariance and other symmetry properties (such as 
the U(l) gauge symmetry) typical of the electromagnetic interactions. Such 
different equations would be possibly discarded only for their disagreement 
with experimental results. In a string theory context, on the contrary, such 
alternative equations must be discarded a priori, as they would be inconsis- 
tent with the quantization of a charged string interacting with an external 
electromagnetic field. 

The above property of string-theory is grounded on the fact that the string 
action functional, representing the area of the two-dimensional world-sheet 
surface spanned by the string motion, is classically invariant under conformal 
transformations, (i.e., local deformations of the two-dimensional world-sheet 
metric 7 a &, a, b — 0,1). Thanks to this invariance we can always introduce 
the so-called "conformal gauge" (where the intrinsic metric of the world sheet 
is the flat Minkowski metric, "f a b = T} a t,), and we can always eliminate the 
"longitudinal" string modes, leaving as a complete set of independent degrees 
of freedom only the modes describing oscillations transverse to the string. The 
conformal invariance plays thus a crucial role in the process of determining 
the correct quantum spectrum of physical string states. 

When we have a test string interacting with any one of the fields present 
in its spectrum (for instance the dilaton field, or the gravitational field, or a 
gauge field if the string is charged), we must then require, for consistency, that 
the conformal invariance (determining the string spectrum) be preserved by 
the given interaction, not only at the classical but also at the quantum level. 
This means, in other words, that the quantization of a string model including 
background interactions must avoid the presence of "conformal anomalies", 
i.e. of quantum violations of the conformal invariance already present at the 
classical level. It follows that the only background-field configurations admis- 
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sible in a string theory context are those satisfying the conditions of conformal 
invariance. Such conditions are represented by a set of differential equations 
corresponding, in every respect, to the equations of motion of the field we are 
considering. 

Unfortunately, however, such equations can hardly be derived in closed 
and exact form for any given model of interacting string. In practice, we 
have to adopt a perturbative approach: the action of the string interacting 
with the background fields (also called "sigma model" action) is quantized by 
expanding in loops the quantum corrections (as in the standard field-theory 
context, but with the difference that we are dealing with a two-dimensional 
conformal field theory). The absence of conformal anomalies is then imposed 
at any order of the loop expansion, determining the corresponding differential 
conditions. As a result, the exact background field equations are approximated 
by an infinite series of equations, containing higher and higher derivative terms 
as we consider loops of higher and higher order. 

To lowest order we then recover the second-order differential equations 
already well known for the classical fields (the Maxwell, Einstein, Yang-Mills 
equations, but also the Dirac equations for the fermion fields). To higher 
orders there are quantum corrections to these equations, in the form of higher 
derivatives of the fields, appearing as an expansion in powers of the parameter 
Ag . The corrections to the equations of motion of order Ag and higher are a 
typical effect of the theory due to the finite extension of strings: indeed, such 
corrections disappear in the point-particle limit A s — > 0, while they become 
important in the strong field/higher curvature limit in which the length scale 
of a typical process (for instance, the space-time curvature scale) becomes 
comparable with the string scale A s . In the context of pre-big bang cosmology 
such corrections can play an important role in the transition to the phase of 
standard decelerated evolution, as we shall see in Sect. 4. 

2.4 Gravitational and cosmological applications 

Let us now come back to one of the main application of string theory in 
a gravitational context, concerning the problem of spacetime singularities. 
Unfortunately, technical difficulties have prevented, so far, to reach clear-cut 
conclusions on the fate of the cosmological singularity (unlike other kinds of 
singularities). By contrast, considerable progress was made on quantum black 
hole physics, in particular a microscopic (statistical mechanics) understanding 
of their Bekenstein-Hawking entropy was achieved for a particular class of 
black holes [19]. Also, the study of (gedanken) superplanckian string collisions 
[20] has led to the conclusion that, in string theory, black holes have a minimal 
size corresponding to a maximal Hawking temperature of the order of string 
theory's maximal temperature [21, 22]. An obvious interpretation of this result 
stems from the simple observation that fundamental quantum strings, unlike 
their classical analogs, have a minimal optimal size, A s . This physical argument 
strongly suggests a cosmological analogue of the above conclusion. Because of 
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their finite size quantum strings cannot occupy a vanishing volume, suggesting 
an upper limit to the energy density and the spacetime curvature. If so, string 
theory should be able to avoid - or reinterpret - the big bang singularity 
predicted by classical general relativity. 

Other properties of quantum strings that could play an important role in 
a cosmological context are: 

1) Some new symmetries characterizing string theory as opposed to (classical 
or quantum) field theory. 

2) The necessity of new dimensions of space. 

3) The existence of new light fields, at least within perturbation theory. 

Let us comment briefly on each one of them in turn. 

1. An example of a genuine stringy symmetry is the so-called target-space 
duality (or T-duality) [23] . It stems from quantum mechanics since it is due to 
the possibility of interchanging the "winding" modes of a closed string (wind- 
ing number being classically an integer, counting the number of times a string 
is wrapped around a compact spatial dimension) with its momentum modes 
(which in a compact direction are discrete, thanks to quantum mechanics) . A 
cosmological variant of T-duality is heavily used to motivate an example of 
pre-big bang cosmology, as we shall see in Sect. 4. 

2. If we wish our string theory to allow for smooth, Minkowski- like so- 
lutions, we have to allow for more than three dimensions of space. At weak 
coupling six extra dimensions are needed, while at strong coupling the dilaton 
field (that controls the coupling) can be reinterpreted as a seventh extra di- 
mension of space (for a total of D = 11 spacetime dimensions). Although one 
would like to have all the extra dimensions to be small and static during the 
recent history of our Universe, it is all but inconceivable that extra dimensions 
may have played some role in the very early (e.g. pre-big bang) Universe. An 
example of making good use of them in order to produce a realistic spectrum 
of density perturbations will be given in Sect. 4 

3. String theory does not automatically give general relativity at large 
scales. Besides the presence of the extra dimensions, string theory also con- 
tains, at least in perturbation theory (i.e. at weak coupling), many massless 
scalar particles in the spectrum that may induce unobserved long range forces 
of gravitational (or even stronger) strength. These particles, and their interac- 
tions, are described by the low-energy string effective action which, as already 
stressed, controls the predictive power of the theory at the experimentally ac- 
cessible energy scales (at least if the string and Planck scale are of comparable 
magnitude) . 

One of these particles is the above-mentioned dilaton. Its massless nature 
reflects the fact that, in perturbation theory the so-called string coupling 
g s is a free parameter (see below for a short explanation of the connection 
between the string coupling and the dilaton) . Other (perturbatively) massless 
particles arc those controlling the sizes and shapes of the extra dimensions. 
All these unwanted massless particles are generically called "moduli" , and the 
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problem associated with them is called the "moduli stabilization problem" . It 
is generally felt that the mechanism of spontaneous supersymmetry breaking, 
when correctly implemented, will produce a non-pcrturbativc mass for the 
moduli and thus stabilize their value. If, however, as suggested by T-duality, 
the universe started at very weak coupling, the moduli may have been all but 
static in the early Universe, and may have affected its evolution in an essential 
way. Consequences of such an evolution should be observable even today, as 
we shall discuss in Sect. 4. 

2.5 Topological expansion 

It seems finally appropriate, also in view of the subsequent cosmological appli- 
cations, to explain the close connection between the string coupling parameter 
g s and the dilaton. Let us recall, to this purpose, that the higher-derivative 
expansion in powers of Ag, introduced previously, is not the only perturbative 
approximation conceivable in a string theory context. Another (very useful) 
expansion of the equations of motion of the background fields concerns the 
topology of the two-dimensional world-sheet surface spanned by the string: it 
is the so-called "higher genus" expansion. 

Consider for instance a closed string, whose propagation in the target- 
space manifold describes a cylindrical world-sheet surface. If the string splits 
into two strings, which subsequently recombine to form again the initial string 
(with a process analogous to the one described by a one-loop Feynman graph 
in quantum field theory), the world-sheet will acquire the topology of a torus 
(see Fig. 1). A process with n loops will correspond, in general, to a two- 
dimensional Ricmann surface of genus n, i.e. to a manifold with n "handles" . 
The interactions among strings can then be described, within a perturba- 
tive approach, by a partition function which can be expanded in world-sheet 
configurations of higher and higher genus. 




Fig. 1. One-loop graph for a point particle (left) and a closed string (right). In 
the left picture the world-line of a physical point particles (solid curve) splits into 
a "world-loop" (dashed curve) representing a virtual particle-antiparticle pair gen- 
erated by the quantum fluctuations of the vacuum. In the right picture, where the 
world-lines are replaced by cylindrical "world-sheet" surfaces, the same process is 
illustrated for the case of a closed string. 



12 M. Gasperini and G. Veneziano 

For a two-dimensional, closed and orientable manifold, on the other hand, 
the genus n is determined by the so-called Euler characteristic \ — 2 — 2n. 
This quantity is a topological invariant which (by virtue of the Gauss-Bonnet 
theorem) can be expressed as an integral over the intrinsic scalar curvature of 
the world-sheet surface. The dilaton, by definition, appears in the action S as 
multiplying such a scalar curvature; hence, for a constant dilaton, S = (<p/2)x- 
The partition function, on the other hand, contains exp(— S). An expansion 
of the partition function in a series of higher-genus world sheets thus becomes 
an expansion in powers of the exponential of the dilaton field, exp <f>. But, by 
definition, the loop approximation is an expansion in powers of the coupling 
constant g 2 : this gives the (perturbative) relation between a constant dilaton 
and the string coupling parameter, g 2 s = cxp0. Even if <j> is not a constant, 
exp <f> still plays the role of a local effective coupling. 

3 String cosmology, inflation and branes 

As discussed in the previous section, superstring theory seems to provide com- 
plete and consistent models for all the fundamental components of matter and 
all interactions, valid at all energy scales: thus, it can be appropriately applied 
to describe the evolution of the primordial Universe in the regime in which all 
interactions were unified and possible quantized (gravity included). We can 
then investigate, in this context, the possible (spontaneous?) occurrence of a 
phase of accelerated inflationary evolution, able to provide the correct initial 
conditions for the subsequent, standard regime. We can ask, in particular, 
whether string theory has a natural candidate for the role of the inflaton, and 
for driving a successful phase of slow-roll inflation, without inventing ad hoc 
a new field characterized by the required properties. 

3.1 Inflation 

The answer to the above questions would seem to depend on the particular 
type of superstring model chosen to describe the primordial Universe: there 
arc indeed five different models (see e.g. [17, 18]), related by duality trans- 
formations, which probably describe different physical regimes of the same 
underlying theory (the so-called M-theory), and which are characterized by 
a significantly different field content. All these models, however, contain a 
fundamental scalar field, the dilaton, which is coupled to gravity always in 
the same way, and which leads to an effective model of scalar-tensor gravita- 
tional interactions. This scalar field is expected to acquire a non-perturbative 
potential in the strong coupling regime g 2 <~ 1: any superstring model thus 
automatically contains, in principle, all the required ingredients for the formu- 
lation of an inflationary scenario based on the dynamics of a self-interacting 
scalar field. 
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Unfortunately, a typical string theory potential (without contrived and/or 
ad hoc modifications) seems to be unsuitable for implementing a successful 
model of slow-roll inflation, as shown by various studies at the beginning of 
the Nineties [24, 25]. We are thus left with two possible alternatives: 

i) look for an inflationary scenario based on the dilaton, different from the 
conventional slow-roll inflation; or 

ii) look for another mechanism, independent of the dilaton, and able to im- 
plement a phase of slow-roll inflation with some other typical ingredient 
of string theory. 

The first approach (also the first to be investigated, from a historical point 
of view) has lead to the pre-big bang scenario that we shall present in the fol- 
lowing section. The second approach, which only recently seems to have shown 
positive results, has lead to scenarios where the inflaton field corresponds 
to the distance between two three-dimensional membranes (called 3-branes), 
propagating through a higher-dimensional space-time manifold. 

This section is devoted to a brief illustration of this second possibility, 
considering in particular the interaction between a brane and an anti-brane, 
which attract each other because of their opposite "charges" [26] (see [27] for a 
detailed introduction). It should be mentioned, however, that other examples 
of brane-cosmology exist, in which the two 3-branes are "domain walls" rep- 
resenting the space-time boundaries: we are referring to the so-called "ekpy- 
rotic" [28, 29] or "new ekpyrotic" [30] scenario, where the brane interaction 
(and their eventual collision) is associated to the shrinking of an extra spatial 
dimension orthogonal to the branes. For that scenario we refer to the pre- 
sentation of Paul Steinhardt and Neil Turok in this volume. One should also 
mention the so-called models of "multi-brane" inflation [31], where several 
M-theory branes combine their steep interactions to produce an acceptable 
(i.e., flat enough) inflaton potential as in models of "assisted" inflation [32]. 

3.2 Dirichlet branes 

We should explain, first of all, why higher-dimensional extended objects like 
branes naturally (and unavoidably, in some cases) appear in the context of 
strings and supcrstring models. We recall, to this purpose, that there are two 
types of strings (open and closed), and that when studying the propagation 
of an open string in a (higher-dimensional) space-time manifold we have to 
specify what happens to the ends of the string, imposing appropriate boundary 
conditions [17, 18]. There are two types of such conditions. 

• Neumann boundary conditions, in which the ends of the string move in 
such a way that there is no momentum flowing through the boundaries; 

• Dirichlet boundary conditions, in which the ends of the string are kept 
fixed. 
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In particular, if the string is propagating through a background manifold 
with D space-time dimensions, then the position of the ends of the string, 
with coordinates and X%, with /j, = 0,1, . . . , D — 1, can be determined 
so as to satisfy Neumann conditions along p + 1 space-time dimensions, and 
Dirichlet conditions along the remaining (D — p — 1) (spacelike) orthogonal 
directions. In this way the ends of an open string are localized on two p- 
dimensional hyperplanes at fixed positions X{, X\, with i € \p + 1, D — 1] (the 
two hyperplanes can also be coincident, i.e. X\ — X\). Such p-dimensional 
hyperplanes are called p-dimensional Dirichlet membranes, or Z? p -branes. 

It is important to stress that the ends of the open string are fixed along 
the Dirichlet directions, but can move freely along the (orthogonal) p + 1 
Neumann directions, spanning the "world-hypervolume" of the brane. The 
string ends, on the other hand, can bring charges, sources of non- Abelian gauge 
fields: this gives us a natural implementation of the so-called "braneworld" 
scenario [33] , in which the fundamental gauge interactions are strictly localized 
on a (p + l)-dimensional hypersurface which is only a "slice" of the higher- 
dimensional "bulk" manifold in which the Z? p -brane is embedded. A Z)3-brane, 
in particular, could represent a simple model of our four-dimensional Universe, 
able to explain the "invisibility" - i.e. the inaccessibility through fundamental 
gauge interactions - of the extra (D — 4) spatial dimensions. Such dimensions 
are necessarily required by a consistent theory of quantum strings, but cannot 
be probed by interactions confined to live in four dimensions. 

In the context of supcrstring models, on the other hand, an extended object 
like a D p -brane acts as a source of a totally antisymmetric tensor field, just as a 
point-like object (for instance, an electric charge) is a source for the vector field 

in the conventional electromagnetic theory. The field (represented by a 
1-form in the language of differential exterior forms) is coupled in fact to the 
world- line X^{^°) spanned by the point-like source, with an interaction pro- 
portional to X^A^, where X — dX/d(,°. In the same way, a one-dimensional 
object is a source for an antisymmetric field (or 2-form) A^ v = —A ufl , which is 
coupled to the two-dimensional "world-sheet" X Ai (^°,^l) spanned by its evo- 
lution: the interaction is proportional to e ah d a X^dbX u A^ u , where d = <9/<9£ a , 
a = 0,1, and e ab is the Levi-Civita antisymmetric symbol in two space- 
time dimensions. In general, the (p + l)-dimensional hypersurface A AI (^°), 
a = 0, . . . ,p, spanned by the time-evolution of a D p -brane, is coupled to a 
(p + l)-form (i.e. to an antisymmetric tensor A^ va ... of rank p + 1), with 
interaction 

e abc -(d a X»d b X»d c X a ---)A fwa ... . (2) 

Thanks to these couplings, extended objects like _D p -branes can interact 
among themselves not only gravitationally, but also through the field A^ ua .... 
D3-branes, in particular, interact with the four-form A^ap present in the 
low-energy spectrum of the type IIB supcrstring model [17, 18]. Such an in- 
teraction, as in the case of point-like electromagnetic sources, is repulsive for 
sources of the same sign (for instance, two identical particles or two identical 
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branes), and attractive for sources of opposite sign (for instance, a particle- 
antiparticle system, or a brane-antibrane system). In particular, for a system 
of two identical, static, parallel and supersymmetric branes, initially arranged 
in the so-called BPS configuration, one finds that the gravitational attraction 
is exactly balanced by the repulsion due to the antisymmetric-field interaction, 
and the system remains static (modulo non-perturbative corrections). 

3.3 Brane-antibrane inflation 

An inflationary model can be obtained, in that context, if we consider instead 
the interaction of a I?3-brane with an anti-£>3-branc: in that case there is 
no cancellation between the various types of forces, and the net result is 
an attractive interaction [26] whose non-constant part is associated with the 
potential energy V(Y) ~ Y 2 ~ n , where Y is the modulus field controlling the 
interbrane distance, and n = D — p— lis the number of spacelike dimensions 
orthogonal to the branes. Thus, V = (3Y~ 4 for p = 3 branes embedded in the 
D = 10 target space of superstring theory (J3 is a dimensionless coefficient of 
order one in natural units). 

After an appropriate dimensional reduction (based on the assumption that 
the n "orthogonal" dimensions are stabilized in a compact configuration) one 
arrives, in this way, to a four-dimensional effective action for the scalar modu- 
lus Y. This modulus behaves like a canonical scalar field, self-interacting, min- 
imally coupled to gravity, and is thus a possible candidate to sustain a phase 
of inflationary expansion of the dimensionally-reduced bulk manifold. Unfor- 
tunately, however, the effective potential generated by the brane-antibrane 
interaction is not flat enough to satisfy the requirements of slow-roll infla- 
tion - at least if the branes interact through flat and topologically trivial 
orthogonal dimensions [27]. 

Two ways out of this difficulty have been suggested in the present litera- 
ture. A first possibility relies on the assumption that the compact transverse 
manifold has the topology of a n-dimensional torus, with spatial sections of 
uniform radius r [26] . When the separation of the brane-antibrane pair is of 
order Y ~ r, the effective potential experienced, say, by the antibrane must 
be estimated including the contribution of all the topological "images" of the 
other brane, forming an n-dimcnsional lattice. The total effective interaction 
is then obtained by summing over all the contributions of the lattice sites 
occupied by the brane images. The resulting effective potential is quartic in 
the displacement of the antibrane from the centre of the hypercubic cell of 
the lattice, and can satisfy the slow-roll conditions - at least, as long as the 
interbrane separation remains in the range Y ~ r. 

A second possibility (which seems to be preferred, at present, in view 
of a possible stabilization of the extra compact dimensions) is based on the 
assumption that the section of space orthogonal to the D 3 -branes is not flat, 
but "warped" by a geometry of the anti-de Sitter (AdS) type (with constant 
curvature scale R » A s ), representing a solution of the low-energy effective 
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action of type IIB supcrstring theory [34]. One can also assume, for simplicity, 
that the antibrane D$ is frozen at the fixed position y = yo <C R, located near 
the infrared end of a five-dimensional bulk manifold AdSs (the remaining 
five spatial dimensions are assumed to be compactified at a constant scale). 
The Z?3-brane, on the contrary, is mobile along the orthogonal direction y, 
driven by the attractive force towards the antibrane, and has a time-dependent 
position y = yi> y . The coordinate distance of the two branes is then Y = 
2/i — yo — Hi - The V-dependent part of the interbrane potential is given, again, 
by the inverse of the distance modulus to the fourth power, but - for reasons 
of general covariance - the interaction has to expressed in terms of the proper 
distance of the two branes, given by yiy/\g y y \ = Ui(R/y), where (R/y) is the 
"scale factor" of the AdSs geometry along the fifth dimension y orthogonal 
to the brane. The non-constant part of the potential experienced by the D3- 
brane at y = 2/0 is then V ~ (yo/R^Y ~ 4 , and the slow-roll conditions can 
now be easily satisfied thanks to the suppression factor y /R ^ 1 generated 
by the warped geometry of the bulk manifold. 

3.4 The strong coupling regime 

All models of brane-antibranc inflation - either based on a non-trivial topol- 
ogy or on a non-trivial geometry of the transverse dimensions - are consistent 
provided that shape and volume of the extra (non-inflationary) spatial dimen- 
sions are stabilized, using some appropriate mechanism [35] which does not 
affect the relative motion of the two branes. The stabilization mechanism, in 
its turn, seems to require the presence of antisymmetric tensor fields, whose 
"fluxes" are associated to branes "wrapping" around around the compact di- 
mensions and "warping" the compactified geometry [36]. This enforces the 
conclusion that the above realizations of slow-roll inflation are only possible 
when the Universe is in a phase of "brane-domination" . 

On the other hand, in a string theory context, the tension of a D-brane (i.e. 
the mass per unit of spatial (hyper)volume) is proportional to the inverse of 
the string coupling parameter g s : it follows that such branes become light, and 
can be copiously produced, only in the strong coupling limit g s ^> 1. A phase 
of brane-antibrane inflation seems thus to be naturally (and unavoidably) 
associated to a phase of strong coupling. 

We are then lead to the question: how to "prepare" the strong-coupling 
(and, possibly high-curvature) regime where the mechanism of brane inflation 
can be implemented? In other words, what happens "before"? what about the 
cosmological evolution before the beginning of the inflationary regime? We 
know, in fact, that slow-roll inflation cannot be past-eternal: going back in 
time, at fixed value of the gravitational coupling, a phase of slow-roll inflation 
necessarily leads to a spacetime (big bang) singularity in a finite amount of 
proper time, and the model of cosmological evolution remains incomplete. 
Is it possible to arrive at the brane-dominated regime, where the Universe 
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possibly undergoes a phase of slow-roll inflation, without starting from an 
initial singularity? 

The pre-big bang scenario, introduced in the following section, may provide 
answers to these questions. 

4 The pre-big bang scenario 

If we look at the "specialized" literature for a description of the birth and of 
the first moments of life of our Universe, we may read, in the (probably) most 
ancient and authoritative book, that 

"In the beginning God created the Heaven and the Earth, 

and the Earth was without form, and void; 

and the darkness was upon the face of the deep. 

And the Breath of God 

moved upon the face of the water. " 

(Genesis, The Holy Bible). 

The most impressive aspect of these verses, for a modern cosmologist, is prob- 
ably the total absence of any reference to the hot, kinetic, explosive state that 
one could expect at (or immediately after) the "big bang" deflagration. What 
is described, instead, is a somewhat quiet, dark, empty state: indeed, we can 
read about "void" , "darkness" , and "the deep" gives us the idea of something 
enormously desert and empty. In this static configuration there is at most 
some small fluctuation (the "Breath" , inducing a ripple on the surface of this 
vacuum) . 

It is amusing to note that a state of this type, flat, cold and vacuum, 
only ruffled by quantum fluctuations, can be obtained as the initial state of 
our Universe in a string cosmology context, under the hypothesis that the 
Universe evolves in a "self-dual" way with respect to a particular symmetry 
of the low-energy string effective action [15, 16]. 

4.1 Scale- factor duality 

The symmetry we have in mind is the so-called scale- factor duality [16, 37], 
which generalizes to time-dependent backgrounds the T-duality symmetry 
mentioned in Sect. 2, typical of closed strings in static manifolds with com- 
pact spatial dimensions [23]. According to the T-duality symmetry the en- 
ergy spectrum of a string, quantized in the presence of compact dimensions 
of radius R, turns out to be invariant with respect to the transformation 
R — ► Ag /R, and the simultaneous exchange of the number of times the string 
is wounded around the compact dimensions with the (discrete) level-number 
of the momentum operator associated with the string motion along such com- 
pact directions. 
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In the context of a homogenous, isotropic, spatially flat background, de- 
scribed by the invariant space-time interval 

ds 2 = c 2 dt 2 - a 2 (t) dxidx\ (3) 

the radius R is replaced by the scale factor a(t), and the invariance under the 
transformation a — > a -1 is still valid provided the dilaton field <j) is also simul- 
taneously transformed, according to the (scale-factor duality) transformation 

a — » a = a - , (f> — > <f> = <fi — 2rflna, (4) 

where d is the total number of spatial dimensions. There are, however, two 
important differences between T-duality and scale-factor duality symmetry: i) 
the above transformations represent a symmetry of the (tree-level) equations 
of motion of the background fields (not necessarily of the quantum string 
spectrum); ii) there is no need of compact spatial dimensions. 

The invariance of the string cosmology equations under the transforma- 
tions (4) can be extended to include the presence of matter sources, as we shall 
see below. Such an invariance is only a particular case of a more general class 
of symmetries associated to the global transformations of the 0{d, d) group, 
for backgrounds with Abelian isometries, both without [38, 39] and with [40] 
matter sources. For the purpose of this paper, however, it will be enough to 
limit ourselves to the transformations of Eq. (4) , and to note that new classes 
of solutions can be obtained simply by transforming known solutions. These 
new solutions have kinematic properties representing the "dual counterpart" 
of the initial ones. 

For an explicit illustration of this duality symmetry, and of its applications, 
we need the cosmological equations obtained from the low-energy string ef- 
fective action, describing the dynamics of the graviton and dilaton field to 
the lowest non-perturbative order. For the metric (3), and for a homogeneous 
dilaton field <f> = (fi(t), in d = 3 spatial dimensions, such equations are (see 
e.g. [41]): 

4> 2 - (SH4> + 6H 2 = 

n 

H-H0 + 3H 2 = ^fVp, 
n 

24>-4> 2 + QH4> -6H- 12H 2 = 0. (5) 

We are working in the so-called string frame (where the motion of a test string 
is geodesies), and the dot denotes differentiation with respect to the cosmic 
time t (we have defined H = a /a). We have also taken into account the 
possibility of matter sources, in the form of a perfect fluid with stress tensor 
T ° = p and — —pSj. Note that the combination (2\ 2 c/K) exp <fi plays 
the role of the effective gravitational coupling constant 16irG/c 2 = 2Xpc/h. 
Thus, the dilaton controls the relative string-to-Planck length ratio, to this 
approximation, as 
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The above set of cosmological equations is clearly invariant (as in the case 
of the Einstein equations) under the time-reflection transformation t — ► —t. 
In addition, however, the equations are invariant under the duality transfor- 
mations (4), possibly accompanied by the following transformations of the 
matter sources [16]: 

p->p = pa 6 , p->p= -pa 6 . (7) 

Thanks to this symmetry we can always associate to any decelerated solution, 
typical of the standard cosmological model, a "dual partner" describing ac- 
celerated (i.e. inflationary) evolution. We stress that this is impossible in the 
context of the cosmological Einstein equations, where there is no dilaton, and 
no duality symmetry. 

Consider, for instance, a radiation-dominated Universe, characterized by 
the equation of state p = p/3, and by a constant dilaton, <p — 0. In this case 
the set of Eqs. (5) is identically satisfied by the particular exact solution 

/ . N 1/2 

a=(—J , <f> = const, P = ^' P= 3' 1 > °' ^ 

where to and po & r e positive integration constants. This is also the exact solu- 
tion of the conventional Einstein equations which, for t > 0, properly describes 
the radiation-dominated phase of the standard cosmological scenario [1]. This 
solution describes a phase of decelerated expansion, decreasing curvature and 
constant dilaton for < t < oo, 

a > 0, a < 0, H < 0, <p = 0, (9) 

namely a Universe evolving from the past big bang singularity (approached 
as t — > from positive values) towards a state asymptotically flat and empty, 
approached as t — > +oo. 

By applying a combined scale-factor duality and time-reversal transfor- 
mation on the solution (8) we can now obtain a new exact solution of the 
low-energy string cosmology equations (5) which has the form 

"" 2 , 3m(-l), p-4 «<o.(io, 

This new solution is defined on the negative time semi-axis, — oo < t < 0, and 
describes an (inflationary) phase of accelerated expansion, growing curvature 
and growing dilaton, 

a > 0, a>0, H>0, <p > 0. (11) 
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The initial cosmological state is asymptotically flat, H — > 0, with esponentially 
suppressed string coupling, g 2 = cxp<f> — > 0, as t — > — oo (the Universe ap- 
proaches, asymptotically, the so-called "string perturbative vacuum"). Start- 
ing from this configuration, the evolution leads towards a future singularity 
approached as t — > from negative values. 

4.2 Examples of smooth pre-big bang backgrounds 

The two exact solutions (8) and (10) cannot be directly connected to one 
another, being physically separated by a curvature singularity at t = 0. As- 
suming however that the singularity may disappear in a more realistic model, 
after including other fields and/or higher-order corrections, we obtain from 
the duality invariancc of the equations a clear suggestion about a possible 
"temporal completion" of the standard cosmological phase, based on a "self- 
duality principle" . 

Indeed, if the scale factor would satisfy (even approximately) the condition 
a(t) = t), then the standard cosmological phase would be preceded and 

completed by a dual phase which is automatically of the inflationary type 
(see for instance Eq. (10)). The space-time curvature scale (growing during 
inflation, decreasing during the decelerated evolution) would have a specular 
behavior with respect to a critical "bouncing epoch" centered around t = 
(namely would be reflection-symmetric in the {t, H} plane with respect to 
the t = axis, marking the transition from the inflationary to the standard 
regime; see e.g. Fig. 2). Such a bouncing transition, occurring at high but 
finite curvature, would replace the big bang singularity of the low-energy 
equations: thus, one is naturally lead to call "pre-big bang" the initial phase 
(at growing curvature and string coupling), with respect to the subsequent 
"post-big bang" phase describing standard decelerated evolution. 

Regular, self-dual solutions cannot be obtained [42] in the context of the 
low-energy string-cosmology equations (5). Such equations, however, only rep- 
resent a zeroth-order approximation to the exact field equations expected in 
a string theory context, as already stressed in Sect. 2. On the other hand, 
if the curvature and the string coupling keep growing without any damping 
during the phase described by the low-energy pre-big bang solutions, then the 
Universe is necessarily driven to configurations where the curvature and the 
coupling are large in string units (X 2 H 2 /c 2 ~ 1, g 2 <~ 1): for those config- 
urations both higher-derivative and higher-loop corrections are to be added 
(possibly to all orders) to the tree-level equations. All studies performed up 
to now [43, 44, 45] (see also [41]) have shown that such corrections can indeed 
contribute to damp the accelerated evolution of the background, and trigger 
the transition to the post-big bang phase. 

Without introducing complicate computations we will present here a phe- 
nomenological example of self-dual solutions based on a special class of dilaton 
potential, depending on <f> through the "shifted" variable <f> — (f>~ 3 In a. Poten- 
tial of that type are motivated by the invariance of <j> under the transforma- 
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tions (4) [16, 38, 39, 40]; in addition, they could be generated by dilaton loop 
corrections in manifold with compact spatial sections, and can be obtained 
in the homogeneous limit of appropriate general-covariant (but non-local) ac- 
tions [46, 47]. With such potential V = V(<p) the string cosmology equations 
can be rewritten in terms of a, <f>,p = pa 3 and p = pa 3 as follows [38, 39, 40]: 

f -3tf 2 -V(0) = ^|Vp, 

H-H%= ^e*p, 
n 

2%-f -3H 2 + V$)-^ = 0. (12) 

These equations are still invariant under the duality transformations (4) 
and (7) but, differently from Eq. (5), they admit regular and self-dual solu- 
tions. We can also obtain exact analytical integrations for appropriate forms 
of the potential V(<j>), and for equations of state such that p/p can be written 
as integrable function of a suitable time parameter [15]. 

Let us consider, as a simple example, the exponential potential V = 
— Vbexp(20) (with Vq > 0), to be regarded here only as an effective, low- 
energy description of the quantum-loop backreaction, possibly computable at 
higher orders. Let us use, in addition, an equation of state (motivated by an- 
alytical simulations concerning the equation of state of a string gas in back- 
grounds with rolling horizons [48]) evolving between the asymptotic values 
p = —p/3 at t — > — oo and p = p/3 at t — > +oo, so as to match the low-energy 
pre-and post-big bang solutions (10) and (8), respectively. The plot of the 
corresponding solution (see [15] for the exact analytic form) is illustrated in 
Fig. 2. 

The solution smoothly interpolates between the string perturbative vac- 
uum at t — * — oo and the standard, radiation-dominated phase at constant 
dilaton (described by Eq. (8)) at t — > +oo, after a pre-big bang phase of grow- 
ing curvature and growing dilaton described by Eq. (10). The dashed curves 
of Fig. 2 represent the unbounded growth of H in the low-energy solutions (8), 
(10), obtained in the absence of the dilaton potential. The plot of V in Fig. 
2 shows that the potential contribution dominates the background evolution 
around the transition epoch \t\ — > 0, and rapidly disappears at large values of 
\t\. 

An even simpler (almost trivial) example is obtained, with the same po- 
tential, in the case p = 0. The system of equations (12) is then satisfied by a 
fiat geometry (H = = H) and by a "bell-like" time evolution of the dilaton, 
sustained by a constant energy density [49]: 

e <Po 

a = a , p = p , P = 0, = - (13) 

1 + (t/to) 

(the integration constants do, 4>o, po, to are related by po exp 4>q = Vq exp(2(/>o) = 
4/£q). For t — > — oo one has a globally flat initial Universe, filled with a con- 
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Fig. 2. Example of smooth transition between a phase of pre- big bang inflation and 
the standard radiation-dominated evolution. The figure gives a qualitative illustra- 
tion of the evolution in time (from -co to +oo) of the string coupling parameter 
g s = exp(</>), of the spacetime curvature scale H 2 = a 2 /a 2 , of the effective energy 
density pexp(^) and pressure pexp((f>) of the gravitational sources, and of the ef- 
fective dilaton potential V . Note that the pre- big bang phase is characterized by 
growing curvature and negative pressure, the post-big bang phase by decreasing 
curvature and positive pressure. 



stant and uniform distribution of "dust" dark matter, very reminiscent of 
the "Earth without form" mentioned in the Genesis. And only the dilaton is 
moving "upon the face of the water" . . . 

The solution is less trivial, however, when transformed in the Einstein- 
frame (E-frame) where the graviton and the dilaton are canonically normal- 
ized, and where the metric and the energy density are no longer constant. 
Using the conformal time parameter 77, the E-frame version of the solution 
(13) takes the form [47] 

/ 2 \ 1/2 
a E = a o e- 0o/2 ( 1 + \ 

V % 

( V 2 \~ 3/2 

pe = poao [ 1 + in) ■ ( 14 ) 

In Fig. 3 we have plotted the exponential of the dilaton field, the E-frame scale 
factor aE, the energy density pe, and the Hubble parameter He = a' E /a E , 
obtained from Eq. (14). The background smoothly evolves from growing to 
decreasing curvature (and dilaton), but the pre-big bang regime corresponds, 
in the E-frame, to a phase of accelerated contraction (He < 0, He < 0), with 
a final bounce of the scale factor to the phase of post-big bang (decelerated) 
expansion. 



Pre-big bang cosmology 23 







PRE-BIG BANG/** 


A^POST-BIG BANG 






Pz^S 









Fig. 3. Example of pre-big bang evolution represented in the E-frame, where the 
scale factor a_e is shrinking and the Hubble parameter He is negative, unlike in the 
string-frame representation of Fig. 2. The figure also illustrates the evolution (with 
respect to the conformal time parameter 77) of the E-frame energy density pE and 
of the string coupling parameter g 3 = exp(0). The plots are obtained from Eq. (14) 
with ao = 0.8, (j>o = 0, po = 1, 770 = 1. 

As clearly illustrated by the above examples, according to the pre-big 
bang scenario inflation starts in a perturbative regime of very small coupling 
(g s — > 0), very small curvature (H — > 0), and very large space-time horizons 
off -1 . The trans-Planckian problem (mentioned in Sect. 1) is evaded, and 
the initial cosmological evolution can be consistently described by a classi- 
cal, low-energy effective action. This represents a complete overturning of the 
traditional picture - typical of standard models of inflation [50] - where the 
initial evolution takes place at ultra-high density and curvature scales, small 
horizon scale, strong coupling, in a marked quantum regime (see Fig. 4). 

Actually, it is possible to characterize these new initial conditions in terms 
of a principle of "Asymptotic Past Triviality" [51] (APT) according to which 
the Universe becomes empty, flat, and interaction-free as one goes towards the 
asymptotic past, t — > —00. It was argued in [51] that, thanks to gravitational 
instability, "generic" initial conditions satisfying APT unavoidably lead to the 
formation of black holes of many different masses/sizes. It was also shown that 
the spacetime inside such black holes precisely mimics the pre-bounce phase 
of a pre-big bang cosmology. If the singularity inside the black hole horizon 
is avoided, a sufficiently large black hole can then give rise to a successful 
pre-big bang cosmology. 

In conclusion, an epoch of pre-big bang inflation is able to solve the kine- 
matical problems of the standard scenario starting from different initial con- 
ditions which are not necessarily unnatural or unlikely [51, 52] (see also [53] 
for a detailed comparison of the pre-big bang versus post-big bang inflation- 
ary kinematics). A possible exception concerns the presence of primordial 
"shear" , which is not automatically inflated away during the phase of pre-big 
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Fig. 4. Comparison between the time evolution of the Hubble horizon c/H (dashed 
lines) and of the scale factor a(t) (solid curves) in the conventional inflationary 
scenario (left) and in models of pre-big bang inflation (right). For the pre- big bang 
phase we have plotted the evolution of both the expanding string-frame scale factor 
a(t) and the contracting E-frame scale factor as(t). The vertical axis is the time 
axis, and the shaded areas represent causally connected spatial sections of Hubble 
size c/H at various epochs. The evolution from the end of inflation, tf, to the present 
epoch, to, is the same in both cases. However, during inflation (i.e. from ti to tf) 
the Hubble horizon is constant (or slightly increasing) in conventional models (left) , 
while it is shrinking in pre-big bang models (right). As a consequence, the size of the 
initial inflationary patch may be very large (in string or Planck units) for a phase 
of pre-big bang inflation, but not larger than the horizon itself, as illustrated in the 
figure. 



bang evolution: the isotropization of the three-dimensional spatial sections 
might require some specific post-big bang mechanism (see e.g. the discussion 
of [54]), unlike in the standard inflationary scenario where the dilution of shear 
is automatic. 

4.3 Phenomenological consequences 

Quantum effects, in the pre-big bang scenario, can become important to- 
wards the end of the inflationary regime. We can say, in particular, that the 
monotonic growth of the curvature and of the string coupling automatically 
"prepares" the onset of a typically "stringy" epoch at strong coupling. This 
epoch could be characterized by the production of a gas of heavy objects 
(such as winding strings [55, 56] or mini-black holes [57]) as well as light, 
higher-dimensional branes [58] (see [59] for a recent review of the so-called 
phase of "string gas" cosmology). In such a context the interaction (and/or 
the eventual collision) of two branes can drive a phase of slow-roll inflation 
[26], as discussed in Sect. 3. 
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At this point of the cosmological evolution there are two possible alterna- 
tives. 

i) The phase of string/brane dominated inflation is long enough to dilute 
all effects of the preceding phase of dilaton inflation, and to give rise to 
an epoch of slow-roll inflation able to prepare the subsequent evolution, 
according to the conventional inflationary picture. 

ii) The back-reaction of the quantum fluctuations, amplified by the phase of 
pre-big bang inflation, induces a bounce as soon as the Universe reaches 
the strong coupling regime; almost immediately, there is the beginning of 
the phase of decelerated evolution dominated by the (rapidly thermalized) 
radiation produced by the bouncing transition. 

These two possibilities have different impact on the phenomenology of the 
cosmic background of gravitational radiation and on the anisotropy of the 
CMB radiation, as we shall now discuss. 

In the first case we recover the same phenomenology of conventional mod- 
els of slow-roll inflation, but with the important difference that the inflationary 
initial conditions are now "explained" by the preceding pre-big bang evolution, 
driving the Universe from the string perturbative vacuum to the appropri- 
ate configuration for starting inflation. The slow-roll singularity is eliminated 
and the model becomes geodesically complete, being extended over the whole 
cosmic-time axis. We can still talk of "birth of the Universe from the string 
perturbative vacuum" , as pointed out (in a quantum cosmology context) in 
[60, 61, 62]. 

Here we shall concentrate our discussion on the second possibility, in which 
there is only one inflationary phase of unconventional (pre-big bang) type. 
In that case the effects of the higher-curvature/quantum gravity phase are 
not "washed out" by a subsequent inflationary epoch: the phenomenological 
predictions are possibly less robust, as may depend on (still unknown) details 
of string/Planck scale physics. However, the observable consequences of this 
scenario should bear the direct imprint of the pre-big bang epoch, thus opening 
a window on time scales and energy scales not accessible to conventional model 
of inflation. 

In particular, because of the peculiar kinematic properties of pre-big bang 
inflation, the quantum fluctuations of the metric tensor tend to be amplified 
with an unconventional spectrum which is growing with frequency (instead 
of being flat, or decreasing, as in the conventional inflationary scenario). A 
growing spectrum, on the other hand, simultaneously represents an advantage 
and a difficulty of pre-big bang models with respect to conventional models 
of inflation. 

Tensor metric perturbations 

The (phenomenological) advantage concerns the amplification of the (trans- 
verse, traceless) tensor part of the metric fluctuations, and the corresponding 
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formation of a cosmic background of relic gravitational radiation. In models of 
pre-big bang inflation, in fact, the spectral energy of such background - Sl g h 2 , 
where f2 g is the energy density in critical units, and h the present value of the 
Hubble parameter in units of 100 km s~ 1 Mpc _1 - is expected to growth with 
frequency [63, 64, 65], with a peak value [66] of about Q g h? ~ 10~ 6 , reached 
around the cut-off frequency of the spectrum (u> ~ 100 GHz, roughly corre- 
sponding to the position of the peak of the electromagnetic CMB radiation). 
This behaviour is in sharp contrast with the gravitational background pro- 
duced in models of slow-roll inflation, which is characterized by a peak value 
of order Q g h 2 ~ 10~ 10 at the frequency scale of the present Hubble radius 
(uj ~ 10~ 18 Hz), and which is monotonically decreasing with the frequency 
(see Fig. 5). 




o 



-5 

log(aVHz) 

Fig. 5. The figure shows, on a logarithmic scale, the typical spectral energy density 
Q g h 2 of a cosmic background of primordial gravitational waves produced in the 
context of (a) minimal models of pre-big bang inflation (top spectra), (6) standard 
models of slow-roll inflation (flat, intermediate spectrum), and (c) ekpyrotic/cyclic 
models of inflation (bottom spectrum). See [41, 68] for technical details on the 
properties of these spectra. The figure also shows the maximal background intensity 
allowed by present CMB data, and the planned sensitivities expected to be reached 
in the near future by Earth-based gravitational detector such as Advanced LIGO 
and by space interferometers such as LISA and BBO. 



Thanks to these properties, the direct detection of a cosmic background of 
pre-big bang gravitons is expected to be much more likely and easier than the 
detection of backgrounds produced in other models of inflation. Indeed, the 
presently operating, Earth-based gravitational antennas (such as NAUTILUS, 
AURIGA, LIGO, VIRGO), and those planned to be operative in space (LISA, 
BBO, DECIGO), cover together a sensitivity band roughly ranging from the 
mHz to the kHz (see e.g. [41]), and in that range the expected signal of pre-big 
bang gravitons is possibly much higher than from other types of primordial 
gravitational backgrounds (see Fig. 5). Conversely, the presence of pre-big 
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bang gravitons is extremely suppressed at the low frequency scales which 
are relevant to the observed anisotropy of the CMB radiation, so that their 
possible contribution to CMB polarization effects [67] is totally negligible. 

Thus, a combined non-observation of tensor polarization effects on the 
CMB radiation, and a direct detection of relic gravitons at high frequencies, 
could represent a strong signal in favor of the pre-big bang scenario [68]. 
In the cyclic/ekpyrotic scenario, on the contrary, the primordially produced 
background of cosmic gravitational waves is expected to be quite negligible, 
today, both in the low- frequency and high-frequency range [69] (see Fig. 5). 

Scalar metric perturbations 

The difficulty of a growing spectrum concerns, instead, the scalar part of the 
metric fluctuations. These fluctuations, amplified by inflation, should repre- 
sent the primordial "seeds" responsible for the peak structure of the tempera- 
ture anisotropies AT/T, observed today in the CMB radiation: this requires, 
however, a nearly flat (or "scale-invariant") spectral distribution, as confirmed 
by most recent observations [6]. In models of pre-big bang inflation, on the 
contrary, the primordial scalar spectrum tends to be growing [70] like the 
tensor spectrum, in disagreement with present experimental evidence. 

In the absence of a brane-dominated regime, with an associated phase 
of slow-roll inflation able to produce the required spectrum of scalar pertur- 
bations, this problem can be solved by the so-called "curvaton mechanism" 
[71, 72, 73]. Thanks to this mechanism, a scale-invariant, adiabatic spectrum 
of scalar curvature perturbations can also be produced by the post-big bang 
decay of a suitable background field (other than the metric), whose scalar 
fluctuations have been amplified by inflation with a flat spectrum. 

In the context of the pre-big bang scenario the role of the curvaton could 
be played by the fundamental string theory axion a, associated by spacetime 
duality to the four-dimensional components of the antisymmetric tensor B^ v 
present in the string spectrum [74, 75]. The quantum fluctuations of the axion, 
in fact, can be amplified by a phase of pre-big bang inflation with a flat 
spectrum [76, 77], in sharp contrast with the quantum fluctuations of the 
metric tensor (see Appendix A). 

Assuming that the axion fluctuations are amplified by a flat spectrum, it 
follows that the standard post-big bang phase, on large, super-horizon scales, 
is initially characterized by a sea of "isocurvature" axion fluctuations, with 
a negligible component of metric perturbations (which are amplified by infla- 
tion with a growing spectrum). These fluctuations may act as "seeds" (i.e. 
as quadratic sources to the perturbation equations) for the generation of 
isocurvature metric perturbations [78] (which are possibly allowed only as 
a sub-dominant component of the total observed anisotropy). However, if the 
post-big bang axion background acquires a mass and decays, the axion and 
metric fluctuations become linearly coupled. Thanks to this coupling new 
scalar (curvature) perturbations are automatically generated with the same 
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spectral slope as the axion one, and with a spectral amplitude of the same 
order as the primordial axion amplitude [72, 74, 75]. The net result of this 
"curvaton" mechanism is a (non-primordial) spectrum of adiabatic metric per- 
turbations which, if sufficiently flat, may successfully reproduce the observed 
anisotropies of the CMB radiation. 

By applying the above mechanism, and assuming such an axion origin of 
the large-scale anisotropy, it becomes possible to extract from present CMB 
measurements direct information on models of pre-big bang inflation and on 
their fundamental parameters, such as the inflation scale in string units [74], 
or the kinematics of the extra dimensions. According to recent WMAP data 
[6], for instance, the spectral slope of scalar perturbations (averaged over all 
scales) is given by 

n s = 3 + 2a = 0.951™9- ( 15 ) 

This slope slightly (but unambiguously) deviates from an exactly scale- 
invariant spectrum, corresponding to n s = 1 (or 2 + 2a = 0). The compari- 
son with Eq. (A. 9) then gives /3o — —0.355, which implies (using Eq. (A. 6)) 
^2 ■ (if ~ 0.62. A flat spectrum associated to a nine-dimensional isotropic back- 
ground would give, instead, /3o = — l/y/9 ~ —0.33, and ^2 fil = 6/9 ~ 0.66. 
The result (15) may thus be interpreted, in d = 9, as the indication of a 
small anisotropy between the time evolution of internal and external spatial 
dimensions. The experimental value (15), however, is also compatible with 
/?o = —1/V& — —0.3535, associated to a model describing the isotropic ex- 
pansion of only 8 spatial dimensions! 

Primordial magnetic fields 

We should add, finally, that the (number and) kinematics of the extra spatial 
dimensions, together with the dilaton kinematics, play a fundamental role also 
in the pre-big bang amplification of the quantum fluctuations of the electro- 
magnetic fields, for a possible "primordial" production of large-scale magnetic 
fields [79, 80, 81]. Remarkably, the values of Pq and (3i compatible with a 
(nearly) flat axion spectrum are also compatible with an efficient production 
of "seeds" for the cosmic magnetic fields, for various types of photon-dilaton 
coupling (as in discussed in [82] for the specific examples of the heterotic and 
type I superstring models). 

5 Conclusion 

We wish to conclude this short review with a comment concerning a possi- 
ble "cyclic" extension of the pre-big bang scenario (see also [68]). Such an 
extension is in principle possible because, as in the ekpyrotic case [83, 84], 
the big bang is not regarded here as a singular and unique event marking 
the beginning of everything, but only as a transition (even if dramatic, in 
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various respects) between two different (possibly duality-related) cosmologi- 
cal regimes. The big bang is only one among many other (high-energy, but 
smooth) processes of our past cosmological history, induced by the gravi- 
dilaton dynamics, and repeatable, in principle, whenever appropriate initial 
conditions are given. 

A cyclic extension of the pre-big bang scenario might correspond, in par- 
ticular, to a cyclic alternation of the phase of standard evolution and of its 
string-theory dual. However, as the dilaton is monotonically growing during 
the pre-big bang evolution, a cyclic scenario would require - to close the cy- 
cle, and prepare the system to new big bang transition - a late-time phase 
of decreasing dilaton, in order to lead back the system to the perturbative 
regime at the beginning of a new, self-dual cycle (see e.g. Fig. 3). 

Such a bouncing back of the dilaton in the post-big bang regime could 
require the dominant contribution of a suitable (duality breaking? non- 
perturbative?) potential. We thus naturally arrive at the question: could such 
a process of dilaton bouncing be associated to the phase of (low-energy) cosmic 
acceleration that we are presently experiencing? 

Appendix A. The axion fluctuation spectrum 

The quantum fluctuations of the axion a are described by the canonical vari- 
able v = az, whose Fourier components Vk satisfy the equation 



The prime denotes differentiation with respect to the conformal time 77, and 
the "pump field" z{rj) is the external field responsible for the cosmological am- 
plification, which in our case depends on the metric and on the dilaton. In an 
inflationary context we can assume for z a power-like behavior in the negative 
range of values of the conformal time parameter, i.e. z = (Mp/\/2)(— v/vi) a ^ 
with a < 1/2 (the factor Mp/\/2 is due to the canonical normalization). In 
this case, considering the asymptotic regime "outside the horizon" where the 
kinetic term k 2 becomes negligible, we can find for Eq. (A.l) the approximate 
solution 



where the subscript "he" means that the quantity is to be evaluated at the 
horizon crossing epoch \kr]\ = 1. Using the canonical normalization of the 
quantum vacuum fluctuations, \vk\ = (2A:) -1 / 2 , we obtain 
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for a resulting (dimcnsionless) spectrum 
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\ 6a f = k 3 \a k \ 2 ~k 2 + 2a . (A.4) 

The same result is also valid for the metric perturbation spectrum, with the 
only difference that the power a is referred to the graviton pump filed, different 
in general from the axion pump field even in the same given background. 

Consider now a typical low-energy pre-big bang background, represented 
by (the negative-time branch of) a higher-dimensional vacuum solution of the 
tree-level gravi-dilaton equations. We will suppose, in particular, that the ge- 
ometry can be described by a homogeneous Bianchi-l-type metric (namely by 
a cosmological metric which is homogeneous but not isotropic along all spatial 
directions), with three inflationary and isotropically expanding dimensions, 
with scale factor a(r)), and n "internal" dimensions, with scale factor bi{rj), 
i = 1, . . . , n. In conformal time, and in the string frame, such solution can be 
parametrized for r\ < as [49] 

a~{-rj) 0o/{1 - 0o \ bi ~ (-^/(i-M ; 

<j) !— ln(-ry), (A.5) 

J- — Po 

where the constant coefficients /3o,/?i satisfy the Kasner-like condition 

3/3 2 + E^ = 1 

(the isotropy of the three-dimensional space has to be assumed ad hoc, as 
already stressed). For the graviton pump field [64, 65, 70] one then finds 

1 ^ /2 ~(-v) lf \ (A.7) 

and always obtains, according to Eq. (A.4), a growing spectrum of metric 
perturbations, |<5 9 | 2 ~ k 3 (modulo logarithmic corrections). For the axion 
pump field [76, 77], instead, 

\ -1/2 

e <t>/2 „ (_^)(5/3o-l)/2(l-/3o) ) (A . 8) 

with a corresponding spectral slope 

2 + 2a = l±^. (A.9) 

The axion spectrum, in particular, turns out to be scale-invariant for po = 
-1/3 (and J2tPf = 2 / 3 > according to Eq. (A.6)). Note that if d = 3 + n = 
9, as prescribed by critical superstring theory [17, 18], and if the external 
six-dimensional space is isotropic (/% = (3 for all directions), then the value 
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of P required by a flat spectrum is automatically obtained if the internal 
dimensions expand or contract with the same kinematic power as the external 
ones, i.e. = — ±1/3. This seems to suggest a close (but still mysterious) 
connection between the background isotropy and the scale-invariance of the 
spectrum. 
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